The advanced infrared (IR) and microwave (MW) sounding systems have been providing atmospheric sounding information critical for nowcasting and improving weather forecasts through data assimilation in numerical weather prediction. In recent years, advanced IR and MW sounder systems are being proposed to be onboard CubeSats that are much more cost efficient than traditional satellite systems. An impact study using a regional Observing System Simulation Experiment on a local severe storm (LSS) was carried out to evaluate the alternative of using advanced MW and IR sounders for high-impact weather forecasting in mitigating the potential data gap of the Advanced Technology Microwave Sounder (ATMS) and the Cross-track Infrared Sounder (CrIS) on the Suomi-NPP (SNPP) or Joint Polar Satellite System (JPSS). It was found that either MicroMAS-2 or the CubeSat Infrared Atmospheric Sounder (CIRAS) on a single CubeSat was able to provide a positive impact on the LSS forecast, and more CubeSats with increased data coverage yielded larger positive impacts. MicroMAS-2 has the potential to mitigate the loss of ATMS, and CIRAS the loss of CrIS, on SNPP or JPSS, especially when multiple CubeSats are launched. There are several approximations and limitations to the present study, but these represent efficiencies appropriate to the principal goal of the study -gauging the relative values of these sensors.
The alternative of CubeSat-based advanced infrared and microwave sounders for high impact weather forecasting 
Introduction
Advanced infrared (IR) sounders (Menzel et al. 2018) , such as the Atmospheric InfraRed Sounder (AIRS), the Infrared Atmospheric Sounding Interferometer (IASI), and the Cross-track Infrared Sounder (CrIS), along with the advanced microwave (MW) sounders, such as the Advanced Microwave Sounding Unit (AMSU) and the Advanced Technology Microwave Sounder (ATMS), play critical roles in improving numerical weather prediction (NWP) through data assimilation, and nowcasting (Li et al. 2011 (Li et al. , 2012 . Those traditional advanced IR and MW sounders, usually onboard polarorbit satellites with dimensions on the order of meters (i.e. 1.3 m × 1.3 m × 4.2 m for Suomi NPP (SNPP)), are expensive to build and launch due to the complexity of the system. For example, the total cost for SNPP and the Joint Polar Satellite System (JPSS) is estimated to be US$ 18.9 billion. In recent years, much more costefficient (with costs measured in millions, not billions of USD) IR and MW sounders have been proposed to be launched onboard 3U and 6U CubeSats, where 1U is defined as a 10 cm × 10 cm × 10 cm volume. Enabling technologies have been developed and are being demonstrated for weather forecasting purposes. Two of these proposed satellites are the subject of this study.
First, Massachusetts Institute of Technology/Lincoln Laboratory (MIT/LL) followed up on its Micro-sized Microwave Atmospheric Satellite-1 (MicroMAS-1) experience with MicroMAS-2. While similar in design to MicroMAS-1 (e.g. 3U CubeSat), MicroMAS-2 has more channels (total of 12 channels: two imagery channels near 90 and 206 GHz; seven temperature channels near 118 GHz; and three moisture channels near 183 GHz (see Table 1 for details)), made possible by an additional miniaturized receiver, to provide more accurate temperature and moisture information. MicroMAS-2 also contains a slightly larger solar array in order to generate approximately 3 W of power for the payload, or about 60% more power than MicroMAS-1 (https://directory.eoportal.org/web/eopor tal/satellite-missions/content/-/article/micromas-2).
Second, from its polar sun-synchronous orbit, the 6U CubeSat Infrared Atmospheric Sounder (CIRAS), an AIRSlike hyperspectral IR sounder, will measure the upwelling IR radiation of the Earth and its atmosphere in 625 shortwave IR (SWIR) spectral channels (1949-2451 cm −1 , or 4.08--5.13 μm, including the 4.3 μm CO 2 absorption band) (Pagano et al. 2017) . CIRAS has a spectral resolution of 1.2-2.0 cm −1 and a Noise Equivalent differential Temperature (NEdT) of 0.1-0.4 K (increasing with frequency) at 250 K. The CIRAS horizontal resolution of 13.5 km covers a swath 1100 km wide. The observed radiances have information of potential value to operational forecast centers and can be used to derive lower tropospheric temperature and water vapor globally, as well as three-dimensional atmospheric motion vector winds (AMVs) for weather and climate science investigations. Multiple units would improve temporal coverage. CIRAS is scheduled for launch in the 2019 timeframe (https://www.jpl.nasa.gov/cubesat/missions/ciras.php). The MicroMAS-2 and CIRAS sensors were both designed for use on CubeSats. CubeSat-based sounders usually have fewer spectral channels and a shorter lifetime than traditional ones. They may be used to temporarily mitigate the data gap of traditional sounders. For example, if one or more sensors on NOAA's latest generation of polar orbiting satellites, the JPSS, are not available for some reason, CubeSats might be used to fill the data gap for the afternoon orbit. Thus, this study will address two questions: (1) Can the CubeSat-based advanced IR sounder and MW sounder be used to mitigate the loss of the current advanced sounders onboard the polar-orbit satellite systems? (2) What is the value of multiple CubeSats with such advanced sounders for local severe storm (LSS) forecasts? A regional observing system simulation experiment (OSSE) has been carried out to address the above two questions. This quick regional OSSE (R-OSSE) system has been used to study the valueadded impact of geostationary advanced IR sounders, such as GIIRS (Geosynchronous Interferometric Infrared Sounder) onboard FengYun-4A (Yang et al. 2017) , on high-impact weather forecasts . The same procedure and case are used here for CubeSat sounder studies.
The rest of this paper is organized as follows: section 2 describes the simulation of CubeSat-based IR and MW advanced sounder observations; section 3 explains the assimilation strategies, experimental design, and evaluation procedure; section 4 reports the results of the impact studies; and section 5 provides a summary and discussion.
2. Cubesat-based MW and IR sounder system simulation 2.1. Orbit simulator An orbit simulator was developed to simulate orbit tracks for a low earth satellite orbit. used the orbit simulator to simulate orbits for existing satellites. The same orbit simulator was used in this study. Figure 1(a) shows the simulated satellite altitude and horizontal coverage for CIRAS and MicroMAS-2 in two different orbits -a polar orbit for CIRAS and a low (30°) inclination angle orbit for MicroMAS-2. Tables 1 and 2 list selected instrument parameters for MicroMAS-2 and CIRAS. Figure 1(b,c) show the temperature weighting functions for CIRAS and MicroMAS-2 using the US standard atmosphere 1976. Note that CIRAS has many more channels peaking in the troposphere, which should allow for a higher resolution description in the vertical direction of the troposphere, while MicroMAS-2 has channels that are sensitive to the upper troposphere and stratosphere, which should allow for a more complete description in the vertical direction. For each sensor, three polar orbits with different local equator crossing times were generated: 1030, 1330, and 1630 local time. The 1330 orbit matches that of SNPP and future JPSS satellites. The 1030 and 1630 orbits are included to increase the data coverage.
Nature run
The same high-resolution nature run (HRNR) used by was used in this study. A brief description is provided below. An LSS case is generated using WRF-NMM v3.6.1 with a spatial resolution of 2 km and 51 vertical layers from the surface to the 10-hPa model top. The HRNR covers almost the whole the continental United States and part of the eastern Pacific Ocean with a grid of 3200 × 1320 points (see Lim et al. (2017) , which also provides the boundary conditions. The HRNR evolves for 54 h until 0000 UTC 28 May 2006. The storm develops at 0000 UTC 27 May and lasts for 12 h. For a more detailed description of the HRNR, refer to .
Synthetic observation simulation
A simulator of synthetic satellite radiances was developed by combining the orbit simulator, an observation forward model, and the HRNR. First, the simulator linearly interpolates the HRNR variables needed for radiance simulation to the satellite observation times. All 2-km HRNR grid cells falling into the field of view (FOV) of CIRAS or MicroMAS-2 are averaged to generate the mean temperature, water vapor, and cloud hydrometer profiles. The forward model used is the Community Radiative Transfer Model (CRTM; Chen et al. 2010; Chen, Han, and Weng 2012) . Simulated observation errors are added as normal uncorrelated random numbers generated from instruments' specifications. CRTM has been widely used in simulating synthetic observations . The CRTM team (Tong Zhu and Sid Boukabara, personal communication, 2017) have developed and delivered the optical depth in pressure space coefficients required to use CRTM for both CIRAS and MicroMAS-2 based on the spectral response function (SRF) provided by JPL (Pagano et al. 2017 ) and MIT/LL (Blackwell et al. 2018 ). CRTM does not include nonlocal thermodynamic equilibrium (NLTE) effects in radiance simulation around the 4.3 μm CO 2 absorption band, which may contribute brightness temperature (T b ) error of about 1-1.5 K for those CIRAS channels. Ideally, NLTE effects should be included in the simulation of observations and in the assimilation of those observations. However, in this study, we ignore NLTE effects both in the simulation and assimilation of the observations. This is equivalent to assuming a perfect simulation of NLTE effects in CRTM. None of the existing MW sounders has the exact same 12 spectral channels as MicroMAS-2. However, MicroMAS-2 and ATMS have three similar moisture channels. Figure 2 compares the simulated T b for these instruments for these three channels from 0000 to 1200 UTC 27 May 2006. Despite various differences in simulation, including satellite altitude, FOVs, SRFs, the three channels show very similar patterns for MicroMAS-2 and ATMS. Note the low T b values in Oklahoma, Missouri, and Iowa denote the locations of the LSS at the time of the satellite overpass around 0825 UTC. Figure 3 shows the density scatterplots of the three channels in clear sky for the same time period. The relatively small bias (ATMS minus MicroMAS-2), small standard deviation (STD), and large correlation coefficients, indicate that the three channels on the two instruments are similar. Note that the 183.31 ± 7.0 GHz channel has the fewest clear-sky observations because it peaks lowest among the three channels.
Comparison between CIRAS and CrIS/IASI shows excellent agreement for one randomly chosen atmospheric profile Figure 4 . In Figure 4 , the left-hand side is the H 2 O band used for humidity sounding and the right-hand side is the CO 2 band used for temperature sounding. Since CIRAS has a spectral resolution of 1.2-2.0 cm −1 , coarser than IASI's 0.25 cm −1 and finer than CrIS' 2.5 cm −1 , it is unable to capture the fine absorption lines like IASI, but shows more details than CrIS. The spectrally averaged differences between CIRAS and IASI/CrIS, or the bias, is almost zero. Plus, the STD between CIRAS and CrIS is slightly larger because of CrIS' coarser spectral resolution. Note that, because of the gap between the CrIS midwave and shortwave IR bands, CIRAS has a better spectral coverage on the shortwave side of the water band.
For conventional radiosonde observations of the main prognostic variables (temperature (K), specific humidity (kg kg −1 ), and eastward and northward wind components (m s −1 ), or T/Q/U/V), the HRNR is interpolated in time and space to the radiosonde times and locations observed in reality for each variable. This is somewhat unrealistic since the radiosonde drifts with the winds in reality and not with the winds in the HRNR. However, the overall distribution of radiosonde observations is reasonable. Simulated radiosonde errors are added using the eigenvector method (Jin et al. 2008; Li et al. 2008 Li et al. , 2009 . These explicitly added errors have variances larger than actual radiosonde errors to account for representativeness errors (i.e. small scales present in reality but not in the nature run). 
Assimilation

Assimilation strategy
All-sky radiance assimilation is now used operationally for MW observations and much progress has already been made for IR observations (Geer et al. 2018) . Since these methods are not yet available and since there are some uncertainties in the calculation of cloudy radiance, as an approximation in this simulation study, we assimilate clear-sky soundings for IR and clear channel radiances for MW sounders. The community Gridpoint Statistical Interpolation (GSI) data assimilation system (v3.3) is used for this study. Since both MicroMAS-2 and CIRAS are future instruments, GSI cannot currently assimilate them. For the purpose of this study, both observations are converted to the observations that GSI is able to assimilate. The following strategy is used for MicroMAS-2. Linear regression relationships are constructed to use values of MicroMAS-2 T b as predictors of ATMS T b . ATMS has more channels (22) than MicroMAS-2 (12). Only 11 ATMS channels (7, 8, 9, 11, 12, 16, 18, 19, 20, 21, and 22) are well predicted. The regressions are then used to convert the MicroMAS-2 radiances simulated from the HRNR to ATMS channel radiances for the 11 well-predicted channels and these are converted to BUFR and assimilated directly by GSI. The GSI default quality control is used to remove radiances that are affected by clouds.
CIRAS observes radiances in the SWIR spectral region. Since no existing radiance observations in this spectral region are currently assimilated in the GSI system, there is no direct or indirect way to assimilate CIRAS radiances at this time. Instead, clear-sky 'sounding retrievals' of temperature and moisture profiles are used, following Jones, Koch, and Li (2017) and . The clear-sky sounding retrievals provide a decent spatial coverage of around 40%. For consistency, in this study, CrIS observations are assimilated in the form of sounding retrievals as well, although operational centers only assimilate CrIS radiances. Usually, CrIS retrievals are produced using a nonlinear physical one-dimensional variational retrieval method. Migliorini (2012) showed that the two assimilation approaches are theoretically equivalent. As pointed out in , assimilating sounding retrievals does have some advantages for hyperspectral IR sounders, such as using more channels and requiring less computational resource. However, the errors associated with sounding assimilation are not as easily defined as in radiance assimilation (Eyre et al. 1993 ). Both CIRAS and CrIS sounding retrievals are calculated using the same linear regression technique described by . The main difference is that CIRAS uses all 625 SWIR channels, while CrIS uses only the first 1146 longwave and midwave IR (LWIR and MWIR) channels. Figure 5 shows the validation of the synthetic sounding retrievals of CIRAS and CrIS using HRNR as reference. Due to the coarse spectral resolution and narrow spectral coverage, CIRAS does not have the same sounding quality as CrIS. Besides, in reality, CIRAS channels around 4.3 μm are affected by NLTE, while the 1146 CrIS LWIR and MWIR channels are not affected by NLTE. As a result, real-world CIRAS sounding retrievals might not be as good as those shown in Figure 5 . Both CIRAS and CrIS synthetic sounding retrievals are assimilated from the surface to 200 hPa in the GSI system. Note that there is no measurement covariance matrix in GSI for CrIS and CIRAS soundings. As is the case with radiosonde observations, vertical error correlations in CIRAS and CrIS sounding retrievals, which are due primarily to the retrieval algorithm, are only approximately accounted for in the assimilation by inflating the estimated observation error STDs.
Experiment design and evaluation strategy
OSSE can be used to study the value of new or proposed instruments as well as assimilation techniques (Atlas 1997; Atlas et al. 2015; Hoffman and Atlas 2016; Boukabara et al. 2016 Boukabara et al. , 2018 Zhang et al. 2017; Cintineo et al. 2016; Otkin et al. 2011) . Figure 6 shows the flow chart of the quick OSSE. This experimental setup, making use of a single short forecast as a nature run, is termed a quick OSSE to differentiate it from the full OSSE setup . The left-hand side shows the generation of the HRNR from the global OSSE analysis, which was detailed in and briefly described in section 2.2. The synthetic observations of radiosonde and satellite observations are simulated from the HRNR using the methods described in sections 2.3 and 3.1. In this study, WRF-ARW v3.6.1 is used for assimilation and forecasting. Compared with WRF-NMM used for HRNR generation, the WRF-ARW used in the data assimilation and forecast experiments has a much coarser spatial resolution (9 km), reduced coverage (450 × 280 grid points; see Figure 2 (a) for experiment coverage), and different parameterization schemes, including Thompson's new microphysics (Thompson et al. 2008) , RRTMG longwave radiation, RRTMG shortwave radiation, Yonsei University planetary boundary layer, and Kain-Fritsch cumulus parameterizations. These model differences avoid the so-called identical twin problem for OSSEs, in which an identical model for nature run creation and for assimilation and forecasting results is used in unrealistically good analyses and forecasts due to the absence of model error.
The North American Mesoscale Forecast System background error covariance matrix (Wu 2005 ) is used as the background error covariance, and the variational bias correction method is used to update the satellite angle and mass bias for each cycle (Kleist et al. 2009 ). As with the HRNR, the six-hourly analyses from the global OSSE (Lim et al. 2017 ) are used as initial and boundary conditions. The experiments start at 0600 UTC 26 May. After 6 h of spin-up, three cycles of assimilation are carried out every 6 h until 0000 UTC 27 May, followed by 18 h of forecast. The results are compared with the HRNR to evaluate the analysis and the forecast.
For this quick OSSE, not all existing observations are simulated/assimilated. Aircraft and surface observations, cloud track winds, and scatterometer winds, are not included in these experiments. Also, observations of satellite radiances are limited. All experiments include the conventional radiosonde observation (RAOB), AMSU-A and IASI from MetOp-B (the only morning orbit satellite that is not beyond its lifetime) as a baseline of the existing capability. For each instrument type (MW or IR), four experiments (summarized in Table 3) This experimental design tests whether the addition of one or three MicroMAS-2 or CIRAS instruments is able to mitigate the loss of ATMS or CrIS.
Evaluation strategy
Following , one single value is calculated to represent the overall performance of the experiment based on the four important LSS parameters -one minus the equitable threat score for precipitation, convective available potential energy (CAPE), convective inhibition (CIN), and helicity -and the main prognostic variables (T/Q/U/V) at four standard atmospheric levels (250, 500, 700, and 850 hPa). For each parameter, a normalized root-mean-square error (RMSE) is calculated. The normalization makes it possible to combine different parameters. Finally, a summary assessment metric (SAM) is calculated as a weighted average of the normalized RMSE values using the following weights: CAPE, 10%; CIN, 10%; helicity, 10%; rainfall, 20%; T/Q/U/V, 50%.
Because of the focus of this study on an LSS, the three LSS parameters (CAPE, CIN, and helicity) are given equal weight. Rainfall is given a heavier weight because rainfall includes both large-scale and convective rainfall. The SAM also averages over the last analysis time (0000 UTC 27 May) and the three forecast times (0600, 1200, and 1800 UTC 27 May). The SAM is calculated for each of the four experiments. Results are shown in section 4. Smaller SAM values (smaller weighted averages of normalized RMSEs) indicate better results.
Impact of micromas-2 and CIRAS on LSS analyses and forecasts
The left panel of Figure 7 shows the SAMs of the four MW experiments with a confidence interval of 95%. Comparing GAP with CNTL, ATMS is effective in reducing the SAM from 0.5028 to 0.4998 -a significant reduction of overall error by 0.6%. MO1 and MO2 are both able to reduce the SAM from the GAP scenario. However, a single MicroMAS-2 (MO1) in the 1330 orbit has a SAM of 0.5013 -still substantially larger than in CNTL. On the other hand, the MO2 experiment, with three MicroMAS-2 instruments, is more effective than MO1. The SAM of 0.4966 (a reduction of overall error by 1.2%) is significantly smaller than in CNTL. For this particular LSS case, a single MicroMAS-2 in ATMS orbit may reduce, but not eliminate, the gap caused by the loss of ATMS. A constellation of three MicroMAS-2 satellites in 1030, 1330, and 1630 orbits is able to mitigate the gap and make further improvements.
The right panel of Figure 7 shows a similar plot of SAMs for the four IR experiments. Again, comparing GAP with CNTL shows that CrIS is effective in reducing the SAM from 0.5054 to 0.4962 -a significant reduction of overall error by 1.8%. Plus, the two MOs are once again both able to reduce the SAM relative to the GAP scenario. A single CIRAS in the CrIS orbit reduces the SAM to 0.5003, but this is still significantly larger than the CNTL SAM. Three CIRAS instruments (MO2) are able to further reduce the SAM RMSE to 0.4978 -a reduction of overall error by 1.5%, which is closer but still substantially larger than the CNTL SAM. These results indicate that the single CIRAS in CrIS orbit may only partially mitigate the gap caused by the loss of CrIS. Three CIRAS It appears that MicroMAS-2 is more capable of filling the gap than CIRAS. Recall that section 3.1 showed that MicroMAS-2 may predict 11 ATMS channels, which contain almost all the temperature and moisture sounding information between the model top (10 hPa) and surface from ATMS. Compared with channels used by Bormann, Fouilloux, and Bell (2013) , the channels missing are those either peaking near the surface (such as channel 6) or around/above the model top (such as channels 13-15). Those missing channels would provide little useful information that can be assimilated in this study. CIRAS, on the other hand, due to coarser vertical resolution, contains much less sounding information, as shown in Figure 5 , which makes it less capable of filling the gap.
It is important to point out that the SAM values presented in Figure 7 are sensitive to the weights used to average (see section 3.3 for more details). So, choosing different weights may change the overall error reduction percentage, but the main conclusions stand for the particular case in this study. This is because, for both type of instrument, the improvements are seen in most parameters. For example, if all eight of the parameters are given equal weight of 12.5%, the reductions of overall error by CNTRL, MO1, and MO2 from GAP are 0.48%, 0.39%, and 1.24% for MicroMAS-2, instead of 0.60%, 0.30%, and 1.23%. These values still support the conclusion that the constellation of three MicroMAS-2 satellites is more effective in mitigating the gap caused by the loss of ATMS than a single MicroMAS-2 instrument.
Summary and discussion
A quick R-OSSE has been conducted to investigate the value of CubeSat-based advanced MW and IR sounders on LSS forecasts. Compared with traditional advanced sounders, CubeSat-based sounders are more cost-efficient to build and launch. As an example of potential cost savings, commercial launch costs, a major component of total mission costs, for CubeSat are an order of magnitude smaller than for traditional satellites (e.g. http://space flight.com/schedule-pricing/). However, CubeSats typically provide less information (i.e. fewer channels) over shorter lifetimes. Multiple units can be launched to improve the spatial and temporal coverage. The purpose of this study was to examine whether CubeSat-based advanced MW or IR sounders can be used to mitigate the loss of a conventional advanced MW or IR sounder, such as ATMS or CrIS on SNPP or JPSS. Our OSSE study of one particular LSS case indicated that: (1) a single MicroMAS-2 or CIRAS instrument has a positive impact on the LSS forecast; (2) more CubeSats with increased data coverage yield larger positive impacts. Therefore, both MicroMAS-2 and CIRAS have the potential to mitigate the loss of ATMS and CrIS on SNPP and JPSS, especially when there are multiple CubeSats in different orbits.
It is important to note the limitations of this study. The results presented were obtained through a quick OSSE, meaning the OSSE system was not calibrated and a single case was used. In the GAP scenario, only RAOB and MetOp-B observations were included to represent the existing baseline capability. Since SNPP was excluded from the GAP scenario, this represents an underestimation of the existing capability. However, comparisons to GAP highlight the impact of the sensors under study. Only clear-sky soundings and clear channel radiances were assimilated. This might have changed the relative value of IR compared to MW radiances. However, rapid progress is now being made in the use of all-sky radiances, mitigating this limitation. Note that AMVs can be obtained from IR and MW radiances but were not included in this study. Also, for CIRAS, the CRTM coefficients do not have the NLTE effects included. However, this might be mitigated by improving the radiative transfer model (Chen et al. 2013; Matricardi, López-Puertas, and Funke 2018) and/ or through the variational bias correction process. Furthermore, we ignored the issue of sensor calibration, which is expected to be a challenge for multiple advanced sounders onboard CubeSats (Weng 2017) . These limitations are acceptable since this OSSE was an attempt to gauge the relative values of these sensors, and not their absolute value in current data assimilation and forecast systems. In this sense, this study provides an efficient methodology to study the value of future planned observing systems, such as the relatively inexpensive CubeSatbased sounding systems studied here. Finally, it should be noted that traditional satellite-based sounding systems are still extremely valuable for nowcasting, analysis, and forecasting, especially the advanced IR sounding system onboard geostationary satellites ).
